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Luminescencea b s t r a c t
We report a comparative optical spectral study as a function of pH on a porphyrin encapsulated in a sol-
gel matrix and in methanol solution. Its response has been discussed in terms of pH-sensitivity as a
function of the coatings thickness. Comparison with the behavior of such porphyrin in methanol solution
is also included.
Optical properties of the porphyrin doped coatings show a quasi linear behavior throughout the pH
range studied. Luminescent emission of doped coatings has its maximum peak at a slightly lower
wavelength compared with the response in liquid medium (methanol solution), while in the excitation
spectra no clear tendency was observed for different pH. Coatings doped with 1 wt% porphyrin fulfill
Lambert-Beer law, although the molar absorptivity of the encapsulated porphyrin in the coatings is
slightly lower than in methanol solution.
© 2016 Elsevier B.V. All rights reserved.1. Introduction
The sol-gel method is a low-cost chemical route which enables
the encapsulation of organic molecules [1,2]. In many cases, such
molecules preserve their properties once immobilized inside thea).sol-gel material [3]. Cationic porphyrins and their metal complexes
[4] attract significant attention because their structure makes them
suitable candidates for optical and catalytic applications. For
instance, due to their unusual luminescence, they have been
applied for photosensitizers [5] and sensors [6e8], among others.
In this respect, the molecules are preferably immobilized inside a
porous network to obtain easy to use materials provided with a
better applicability, photostability or chemical durability [9].
Fig. 1. Molecular structure of the porphyrin used as a dopant of the sol-gel thin
coatings.
Fig. 2. Free base molecular structure of the porphyrin (PH2).
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strongly affected by the particular structure of the porous matrix
[10]. Therefore, a comparison study of the porphyrin molecules
behavior in their free form and once encapsulated is necessary
[8,11]. Other applications of the porphyrin selected in the present
work can be found in: quantitative determination of cadmium [12],
ascorbic acid determination [13], electrocatalysis [14], biomedical
and biochemical applications [15e17], cationic clays [18] and new
sol-gel materials for electrodes and optical sensors [19,20].
Among the different materials suitable for porphyrin immobi-
lization, thin sol-gel coatings have proven to be optimum [21]. Sol-
gel coatings advantages are well known: easy preparation at room
temperature, low cost processing equipments, good mechanical
adherence to the substrate (usually common glass slides), and
aptitude of the sols to coat surfaces of different size, shape and
geometry. The use of very pure chemical reagents such as alkoxides
and/or alkylalkoxides of silicon, zirconium, aluminum, boron, etc.,
which constitute the coating matrix, ensures the purity and sta-
bility of the doped coating. Therefore, these sol-gel coatings are
materials with good mechanical, thermal and optical properties, in
addition to a chemical stability and adequate porosity [22]. This
latter property is very interesting since the encapsulation of the
dopant, in this case a porphyrin, depends on such porosity, which
ensures the physical contact of the encapsulated dopant with other
chemical species coming from the exterior.
The objective of this work is, on the one hand, the preparation of
a porphyrin doped sol-gel silica coating and, on the other hand, the
study of its optical behavior, both in an alcoholic solution and once
encapsulated in the sol-gel coating. The porphyrin selected was
5,10,15,20-tetrakis (1-methyl-4-pyridil)-21H, 23H-porphyrin. The
main aim of this comparison study is to clarify the porphyrin op-
tical behavior under different environments, liquid and solid, and to
point out similarities or differences related to other organic dop-
ants also encapsulated in sol-gel thin coatings [23] to check their
ability as potential optical material.
2. Experimental methods
Silica matrices of the thin coatings were prepared from a sol
whose components were: silicon tetraethoxide (TEOS, Si(OC2H5)4),
hydrochloric acid HCl 3 M and methanol (MeOH) in molar ratio
1:4:8, and deionized water to accomplish stoichiometric TEOS hy-
drolysis. The first step consists on a pre-hydrolysis of the silicon
alkoxide diluted with methanol and HCl 3 M, which catalyzes the
reaction, at room temperature under constant stirring to warrant
the sol homogenization. A methanol solution (1 wt % respect the
final silica content of the sol) of the p-tosilate salt of the 5,10,15,20-
tetrakis (1-methyl-4-pyridil)-21H, 23H-porphyrin (herein after the
porphyrin, Fig. 1) was prepared and added to the pre-hydrolyzed
TEOS solution, i.e. when the solution temperature increased
spontaneously at about 5 C from room temperature, as a conse-
quence of the hydrolysis reaction heat release.
After 30 min of continuous stirring, the homogeneous sol was
ready to be used for depositing thin coatings upon common soda
lime silicate glass slides. Chemically cleaned glass slides were
coated at room temperature by dip-coating into the sol at different
constant rates in the 5e30 cm min1 range. After drying 10 min at
room temperature, the coated slides were heat-treated for 3 days at
60 C in a forced air stove. Thicknesses of the doped coatings were
estimated by means of the corresponding reflectance spectra
(fringe method) and they vary in the 100e550 nm range.
Additionally, another porphyrin solution in a mixture of meth-
anol and deionized water (volume ratio 1:4) was prepared.
Aqueous phase was a pH buffered solution (pHydrion Buffers®,
Micro Essential Laboratory Inc. USA), also used to analyze thecoatings behavior. The concentration of other porphyrin solutions
ranged between 5.0  104 M and 3.0  105 M.
Optical absorption spectra of both solutions and coatings were
recorded with a Shimazu UV 3100 spectrophotometer provided
with an integrating sphere. Solutions spectra were recorded in the
wavelength range of 200e750 nm, while coatings spectra were
recorded in the 280e750 nm range. Luminescence spectra (exci-
tation and emission) were recorded with a Perkin-Elmer LS-5B
fluorescence spectrometer. Excitation spectra of both solutions and
coatings were recorded in the wavelength range of 230 nm to
~15 nm below the emission wavelength selected. Emission spectra
were recorded from ~15 nm above the excitation wavelength
selected up to 720 nm.
3. Results
Optical behavior of the porphyrin mentioned above has been
studied in the 0e13.4 pH range in solution and encapsulated in the
thin sol-gel coating, since both show sensitivity against pH changes.
Solubility and chemical structure of the porphyrin molecule
depend on the pH. The porphyrin macromolecule can be consid-
ered as an ampholyte with two pyrrolic nitrogen atoms able to
accept protons, and two NH groups able to lose them (Fig. 2).
Table 1
Features of the porphyrin absorption bands in methanol solution.
Band lmax (nm) Emax (eV) ε (cm1M1) Rel. Int.
Q I 645 1.92 1380 0.6
Q II 592 2.09 5700 2.5
Q III 550 2.25 6020 2.7
Q IV 516 2.40 16620 7.4
Soret 424 2.90 224000 100
L 263 4.71 21220 9.5
M 220 5.64 62660 28.0
N. Carmona et al. / Materials Chemistry and Physics 182 (2016) 315e323 317The protonation/deprotonation reactions of the porphyrin can
be resumed as follows:
P2 þ Hþ 4 PH K1
PH þ Hþ 4 PH2 K2
PH2 þ Hþ 4 PH3þ K3
PH3þ þ Hþ 4 PH42þ K4
Theoretically the porphyrin can undergo four transformations
among its five polyprotic forms. Some equilibrium constants in
solution have been found in the literature [24,25]: pK1 ¼ 0.7 and
pK2 ¼ 1.8. These values indicate that this porphyrin possesses an
acid character more intense than other porphyrins with anionic
groups [26]. This is due to the electrostatic repulsion that cationic
groups (such as ≡N(CH3)þ) perform on the H3Oþ ions that would
protonate the porphyrin molecule. The repulsion force also avoids
the formation of porphyrin dimmers in acid media [24]. The
cationic groups attract OH groups in neutral and basic media,
which favors the porphyrin ring deprotonation and consequently,
lower values of pK3 and pK4. On the contrary, other porphyrins
react in the opposite way and their pK3 and pK4 are larger [27]. The
formation of dimmers of the porphyrin of the present work could
be favored by a partial electrostatic stabilization when the negative
charge of the porphyrin ring is coupled with the positive charged
groups from the external part of the molecule.
3.1. Optical behavior of porphyrin solutions
3.1.1. Optical absorption
The porphyrin used in the present work is a water soluble
mesosubstituted porphyrin. Likewise, it is also soluble in polar
organic solvents, e.g. methanol [28]. The optical absorption spec-
trum of the porphyrin in methanol solution shows a Soret band
(~390e440 nm) and low intensity Q bands (500e660 nm). The
evaluation of the optical absorption of the porphyrin inmethanol as
a function of concentration (Lambert-Beer law) established that the
Soret band does not follow the law for concentration above
5.0  105 M. This result is coherent with the work of Pasternak
et al. [29] carried out in aqueous solution. Therefore, such limit in
the concentration was used for recording the spectrum showed in
Fig. 3 in which the resolution of the low intense Q bands has been
improved (Table 1).
The maximum of the Soret band appears at 424 nm, the
shoulder at about 360 nm corresponds to the N band and the bandsFig. 3. Molar absorptivity of the porphyrin in methanol solution.at 263 and 220 nm are assigned to the L and M bands, respectively.
Regarding the Q bands, their wavelengths are in the 645-516 nm
range with relative intensities IV > III > II > I following the pattern
of references [27,30]. Both wavelengths and intensities are consis-
tent with those reported by Makarska et al. for phorphyrins in
methanol solution [28].
3.1.2. Luminescence (excitation and emission)
Concerning the luminescence excitation spectrum in
5.0  105 M methanol solution, Fig. 4 shows bands L, M, Soret and
Q (IV, III, II). Q I band cannot be observed since the emission
wavelength taken (653 nm) is too near to the Q I absorption band
(~650 nm). The corresponding emission spectrum (Fig. 4) is
dominated by an intense band peaked at 653 nm and another
weaker at about 713 nm (Table 2). The decreasing of the Soret
excitation bandwith respect to the same absorption band, indicates
that part of the energy absorbed by this band is released by means
of non-radiative processes. Moreover, this mechanism is more
effective in the Soret band than in the Q bands, in which a smaller
decrease was found. For more concentrated methanol solutions
(2.0  104 M), the relative decreasing is more accused, and the
Soret band widens, probably due to the formation of dimmers or
trimmers [31], even though the Lambert-Beer law is fulfilled.
3.1.3. Absorption-pH behavior
A 4.0  105 M solution was prepared to study the absorption
spectra of the porphyrin in methanol solution as a function of pH.
The maximum and intensity of the Soret band varies with pH.
Among the Q bands, Q IV and Q I change their intensity strongly.
Fig. 5 shows the evolution of the Soret band with the pH. The molar
absorptivity of the Soret band presents an important change in the
0e2 pH range, while the changes in wavelength indicate two mainFig. 4. Normalized excitation and emission spectra of the porphyrin in methanol
solution.
Table 2
Features of the excitation bands of the porphyrin in methanol solution.
lmax (nm) 269 425 517 555 596
Emax (eV) 4.61 2.92 2.40 2.23 2.08
Rel. Int. 40 100 19 10.6 10.6
Fig. 6. Excitation spectra of the porphyrin in methanol solution for different pH values.
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446 to 423 nm), and secondly, between pH 1.5e3.0 (thewavelength
changes from 423 to 435 nm).
These two regimes are connected with the two polyprotic
transformations (pK1 and pK2) mentioned above. Moreover, other
changes occur at pH ¼ 4e6 and at pH > 12, related to the other two
polyprotic transformations from the free base form to monoanionic
form (pK3), and from monoanionic form to dianionic form (pK4).
Therefore, the estimated pK values are:
pK1 ¼ 0.8; pK2 ¼ 2.0; pK3 ¼ 5.5; pK4 ~ 13
The estimation was made taking into account the evolution of
both the Soret and Q bands, although the changes of the Soret one
were considered priority. In general, the estimated error is about
0.4 pH units, and 1 pH unit for the pK4 value.
As for the wavelength of the Q bands concern, they can be split
into two groups: bands IV and I, and bands II and III, whose
behavior is the opposite one each other throughout the pH range.
However, the pair of bands IV and III and the pair II and I, show the
maximum and minimum intensity for the same pH values.
Considering the molar absorptivity, Q I and IV bands exhibit the
most significant variations in the pH range 0e1.5 and for pH > 12,
while Q II and III bands vary mainly in the pH range 0e2; Q II band
changes in the pH range 5e6 and for pH > 12; and Q III band in-
creases in the pH range 7e10. Taking into account the trans-
formations that include simultaneous changes of wavelength and
molar absorptivity of Q bands, they are consistent with the pH
ranges in which the Soret band changes. This fact agrees the rela-
tion between the Soret band changes and the polyprotic trans-
formations of the porphyrin molecule.
In the pH range 6e11, the molar absorptivity of the Soret band
changes, even though the wavelength remains constant. This fact
suggests some non-polyprotic transformation, which is supported
by the Q bands molar absorptivity variations in the pH range 7e11.3.1.4. Luminescence-pH behavior
Both intensity and position of emission and excitation maxima
change with the pH. The most important variation occurs in the pHFig. 5. Molar absorptivity and wavelength of the Soret band maximrange 1e4 followed by minor changes in the pH range 5e6 and for
pH > 11. Obviously, major part of these changes are associated with
the polyprotic transformations of the porphyrin. It is noticeable
that, in general, the excitation spectra show the same bands as the
corresponding absorption spectra, but the relative intensity of the
Soret band respect to that of Q bands decreases quite in the exci-
tation spectra.
Soret and Q bands of the porphyrin excitation spectra for
different pH values in methanol solution are shown in Fig. 6. The
intensity of the Soret bands is maximum at pH ¼ 3, while the in-
tensities of the Q bands are 7 times lower.
Nevertheless, this difference in relative intensities of the exci-
tation spectra is smaller than in the absorption ones, where the
intensity of the Q bands is 12 times smaller than that of the Soret
bands. The variation of the intensity and wavelength of the Soret
bands induced by the pH change are connected with the changes of
the electronic levels structure and are very similar to those of the
absorption spectra. The first polyprotic transformation takes place
at pH¼ 0.5e1 (pK1), and the second one at pH¼ 1.5e2 (pK2). In the
pH range 5e6 the change associated with pK3 takes place, and then
at pH ¼ 13.4 the intensity decreases and the wavelength increases
(pK4). The four pK values can be deduced in a similar way as
mentioned previously, and the results obtained are coherent with
the data reported above.
The emission spectra of the porphyrin in methanol solution
(lexc ¼ 420 nm) for different pH are shown in Fig. 7. This figure
indicates that the pH variation affects the shape, intensity and
wavelength of the emission band.um of the porphyrin in methanol solution as a function of pH.
Fig. 7. Emission spectra of the porphyrin in methanol solution for different pH values.
Table 3
Features of Soret and Q absorption bands of porphyrin doped coatings.
Band pH lmax (nm) Emax (eV) Rel. Int.
Soret 1.0 434 2.86 88
13.4 432 2.87 100
Q IV 1.0 526 2.36 6.1
13.4 526 2.36 6.7
Q II 13.4 ~590 ~2.10 4.7
N. Carmona et al. / Materials Chemistry and Physics 182 (2016) 315e323 319The maximum emission peak is at about 655 nm for pH ¼ 3.
Other minor emission band appears near 620 nm and 700e720 nm.
The variation with the pH of the main emission band at 655 nm is
similar to those of the excitation bands, i.e., noticeable intensity
changes in the pH ranges 0.5e1.5; 2e3; 5e6 and 11e13.4 associated
with the pK values. Moreover, the wavelength changes with the pH
are clearly connected with the two first polyprotic transformations,
while the others are only a hint.
3.2. Optical behavior of porphyrin doped coatings
3.2.1. Absorption-pH behavior
The absorption spectra of the porphyrin doped coating (1 wt %
porphyrin, 658 nm thickness) for different pH are shown in Fig. 8.
The maximum of the Soret band is about constant at 433 nm, even
though the intensity increases. This behavior is different from that
in methanol solution, in which also the maximum position changes
with pH.
According to the former interpretation, the free base form in
solution shows the Soret band maximum near the Soret band
maximum of the porphyrin encapsulated in the coating. Therefore,
most of the porphyrinmolecules in the coating are in their free base
form. Nevertheless, the intensity of the band in the coating in-
creases with pH, which can be explained by a partial trans-
formation of the free base forms into monoanionic forms. Thus,
when pH increases, some porphyrin molecules possess a configu-
ration with higher molar absorptivity and the final effect is anFig. 8. Absorption spectra of a porphyrin doped coating once dipped into different pH
buffered solutions.absorption intensity increase. In relation with the Q bands of the
doped coatings, their behavior is similar to the Soret bands, and
only an intensity increase has been detected with the pH. Relative
intensity of the Q bands is IV > II > I at about 526, 590 and 650 nm,
respectively. Q III band is probably overlapped with the Q II band.
Negative absorption values in Fig. 8 result from the subtraction
of the coatings spectra respect the glass substrate spectrum. For a
given coating thickness, the measurement is associated with a
maximum deviation of 0.01 absorption units, as a consequence of
the different reflectance and interference processes of the mono-
chromatic beam with both systems. The combined effect of this
deviation, the low intensity of the Q bands and the porphyrin
luminescence can explain the observation of the negative absorp-
tion data found.
Table 3 summarizes the most important features of the ab-
sorption spectra of doped coatings; pH at which maximum wave-
lengths occur and asymmetry factors are also shown.
Comparison of maximum positions of Soret and Q bands in
doped coatings andmethanol solution for a given polyprotic specie,
indicate some shifts, which do not take place for the same pH
values, and even some of them are missing. Thus, the dominant
specie of the porphyrin doped coating is the free base form [32].
The shifts detected are lower than 0.04 eV, i.e., the wavelength of
the absorption maximum of the porphyrin in solution is slightly
affected by the solid thin coating environment.
One aspect of the doped coatings to be clarified is their behavior
against dynamic pH changes. To perform this study, the Soret ab-
sorption band was selected to be monitored in doped coatings
submitted to different pH buffered solutions. The experimental
pattern followed these steps: 1) hydration of the doped coating for
1 h in distilled water; 2) coating dipping into the buffered solution
of lowest pH during 5 min; 3) drying and recording of the ab-
sorption spectra; 4) repetition of steps 2 and 3 with the
immediately-higher-pH-buffered solution and so on up to the
buffered solution of pH ¼ 13.4. This sequence is named “pH
increasing”, while the opposite from high pH to low pH is named
“pH decreasing”. In Fig. 9 the evolution of the doped coatings
response is shown. The lowest intensity of the Soret absorption
band at 433 nm takes place for low pH and increases monotonically
with the pH. Throughout the two cycles of “pH increasing” and “pH
decreasing” the low hysteresis observed in Fig. 9 indicates that the
process could be considered almost reversible, even though in the
acid pH range the differences are slightly larger. In relationwith the
wavelength of the Soret band, it shifts very slightly with the pH,
both in the “pH increasing” and “pH decreasing” cycles. This fact
supports that the porphyrin molecules are partially transformed
from the free base form to the monoanionic form.
To check the weathering of the doped coatings during a
reversible process under different pH media, the coating was dip-
ped for 5 min 20 times into two buffered solutions of extreme
pH ¼ 1 and pH ¼ 13.4. The Soret absorption band showed the
highest variations for the two extreme pH in such a way that the
variations increased in the latest cycles, i.e., sensitivity of the doped
coatings increases with the number of cycles. The Q absorption
bands (Q IV at 525 nm and Q II at 590 nm) vary in a less extent than
Fig. 9. Evolution of the Soret absorption band of the porphyrin doped coating
(433 nm) against dynamic pH change.
Fig. 11. Emission spectra of the porphyrin doped coating for different pH values
(lex ¼ 433 nm).
N. Carmona et al. / Materials Chemistry and Physics 182 (2016) 315e323320the Soret band, and a clear tendency was not observed. It should be
pointed out that the intensity of the Soret band does not decrease
after the dipping cycles, which means that no significant losses by
leaching or degradation of the porphyrin molecule took place.3.2.2. Luminescence-pH behavior
Luminescence spectra of doped coatings are sensitive to pH
changes and their behavior is different to that of porphyrin in
methanol solution. The excitation spectra were recorded at the
emission maximum, and the emission spectra were recorded at the
excitation corresponding to the Soret band.
The excitation spectra (lem ¼ 653 nm) of a doped coating
658 nm thickness is shown in Fig. 10. The Soret band maximum
appears at 436 nm, for the Q IV band at 540 nm and for the Q II band
at 590 nm, whatever the pH of the buffered solution used for dip-
ping the coatings. The intensity of these bands is constant, except
the Soret one which increases with the pH, yet without a clear
tendency.
The emission spectra of the doped coating (lexc ¼ 433 nm) for
different pH are shown in Fig. 11. The main emission band is
centered at about 654 nm, and another very weak band appears
near 710 nm. The shape of the emission bands is practically con-
stant, while the intensity slightly changes in the pH range 7e8.Fig. 10. Excitation spectra of the porphyrin doped coating for different pH values for
(lem ¼ 653 nm).3.2.3. Absorption-thickness behavior
The breach of the Lambert-Beer law can be due to several cau-
ses: low signal/noise ratio, molecular aggregates formation (dim-
mers, trimmers), inappropriate pH control, and strong interaction
molecule/sol-gel matrix. In fact, previous works pointed out the
formation of aggregates in porphyrin doped sol-gel materials [33].
The study of the relationship between absorption of doped coatings
and their thickness was undertaken with coatings of 8 different
thicknesses ranging from 254 to 858 nm. Prior to the spectra
recording, the coatings were dipped into a pH 7 buffered solution
for 5 min. The corresponding absorption spectra showed a
maximum at 433 nm (Soret band), whose intensity increases
constantly with the coatings thickness. Q bands are strongly
modified by the different thicknesses and no clear tendency was
observed. The absorption of the Soret band maxima of doped
coatings at 433 nm are shown in Fig. 12.
This linear relationship indicates the Lambert-Beer law accor-
dance for the porphyrin concentration used and the thickness
range studied. The molar absorptivity of the porphyrin, once
encapsulated in the solid thin coating, can be estimated taking
1.9 g cm3 as the average density of the coatings. Thus, molar ab-
sorptivity of porphyrin in the coating is 165000 cm1 M1 and
density 1.58 g cm3 (correlation coefficient of the linear fit in Fig. 12Fig. 12. Variation of the Soret absorption band at 433 nm with the coatings thickness.
N. Carmona et al. / Materials Chemistry and Physics 182 (2016) 315e323 321is 9.9915). Consequently, this estimated value of the molar ab-
sorptivity of the porphyrin in the coating is lower than in the
methanol solution.3.2.4. Luminescence-thickness behavior
Similarly to the case of optical absorption, luminescence of
doped coatings increases with their thickness. However, the exci-
tation increases throughout the whole measured wavelength
range, whereas the absorption only increases near the Soret band
maximum. To study the variation of excitation and emission spectra
with the coatings thickness, the coatings were dipped into a pH 7
buffered solution for 5 min.
The excitation spectra of 8 coatings with different thickness at
lem ¼ 655 nm were recorded. The excitation maximum appears at
437 nm, very near the excitation maximum of coatings reported
above. For wavelengths below than 400 nm and above 460 nm, the
relation of order of the excitation maxima is maintained. This result
indicates that the coatings excitation depends on the amount of
molecules able to interact with the light beam, and that the
thickness does not affect the mechanism. Obviously for a constant
dopant concentration, the higher the thickness, the higher the
excitation intensity. In Fig. 13 the variation of the excitation in-
tensity at 437 nm is plotted against the coatings thickness. A good
linear fit in this figure (correlation coefficient 0.9812) indicates that
the coatings luminescence is a bulk phenomenon rather than a
surface one.
If the luminescence were mainly generated on the surface, the
contribution of the bulk molecules would be lower than those of
the molecules near the surface, and then the variation with thick-
ness would not vary linearly.
The emission spectra of doped coatings with different thickness
(ranging from 254 to 858 nm) show an intense band around
650 nm (lexc ¼ 437 nm). Once again, the higher the coating
thickness, the higher the emission intensity, irrespective of the
wavelength. The shape andwavelength of the emissionmaxima are
equal to those of the emission spectra recorded with different pH.
The variation of the intensity of the emission maxima shows the
same behavior against the coatings thickness as in Fig. 13 for the
excitation intensity at 437 nm.4. Discussion
The interpretation of the porphyrin optical behavior, once
encapsulated into a solid sol-gel thin coating, needs theFig. 13. Variation of the excitation intensity at 437 nm as a function of the doped
coatings thickness.understanding of its behavior in solution. The same could be said on
the encapsulated porphyrin behavior against the pH of the me-
dium. In order to obtain well resolved spectra, the highest
porphyrin concentration in methanol solution was investigated
(5.0  105 M), and the concentration range 106-104 M has been
found for the Lambert-Beer law fulfilling.
Absorption spectra of the porphyrin in methanol solution are
dominated by an intense Soret band and four Q bands. The Soret
band shows a very high molar absorptivity (ε > 200000 cm1 M1)
that reveals a transition probability near to one. Electronic transi-
tions of Q bands are forbidden transitions with moderate molar
absorptivity (ε~18000 cm1 M1). Their relative intensity in
methanol solution is IV > III > II > I, which corresponds to the etio
type instead of filo type as predicted by the theory. However, that
order is the same as in other porphyrins with similar structure, and
bothwavelengths and intensities are consistent with those found in
the literature [28].
Luminescent excitation in methanol solution is similar but not
equal to the absorption spectra. Main differences concern relative
intensities: Soret band respect to Q bands decrease in the excitation
spectra. An estimation of the quantum efficiency indicates that it is
lower than ½, which is consistent with the values found in the
literature for other similar porphyrins [34,35] and metal-
loporphyrins [36]. The emission spectra show an intense band near
650 nm and a less intense one at about 710 nm. Both maxima po-
sition and the band shape are similar to other found in the litera-
ture [28]. The quantum efficiency of the porphyrin in methanol
solution is considerable, but it depends on the solution nature and
its pH.
Optical absorption of porphyrin in solutions with different pH,
changes both in wavelength and molar absorptivity. Such changes
enable the study of the pH ranges in which the polyprotic trans-
formations of the porphyrin take place. Even though the Soret band
is the most affected by the pH, the joint study with the Q bands
behavior allows to know the protonation states of the porphyrin
[27,30]. Some equilibrium constants have been estimated from the
optical absorption spectra, being the error ±0.4 for pK1, pK2 and
pK3, and ±1 for pK4. The error sources are connected with the
limited intermediate pH values tested, the ionic strength of solu-
tions, the error of the absorption measurements, and the weakness
of some changes. The estimated values of pK1 and pK2 (0.8 and 2.0,
respectively) are very similar to the literature values [25,37,38].
Concerning pK3 and pK4, no other values, apart from those esti-
mated here, were found in the literature. However, the pK values of
similar metalloporphyrins in aqueous solution (39) are very close to
those we found here.
The slight variation of the Soret band and the Q bands in the pH
range 7e11 could be compared with the behavior of other metal-
loprphyrins in the pH range 8e10 not attributed to a polyprotic
transformation (39), but to a kind of aggregate formation or
dimmerization.
The comparison of wavelength and intensity of the absorption
bands of the porphyrin in methanol solution and in the doped
coatings once dipped into aqueous buffered solutions is possible,
since the presence of water does not affect significantly these fea-
tures [28]. Thus, such comparison indicates that the molecular
configuration of the porphyrin in methanol solution is mainly
monoanionic, even though themethanol has a slight acid character,
but not enough to protonate the free base form of the porphyrin.
Actually, the free base form results more acid than the methanol
one. The predominance of the monoanionic form in methanol so-
lution can be attributed to the higher electrostatic stability of this
configuration.
The behavior of the porphyrin excitation spectra in solutions of
different pH is similar to that observed in the corresponding
N. Carmona et al. / Materials Chemistry and Physics 182 (2016) 315e323322absorption spectra. The differences detected in the excitation
spectra involve wider Soret bands and higher relative intensity of Q
bands. Moreover, the analysis of excitation spectra also allows
determining the pK values in solution. The maximum peak of the
excitation Soret band behaves against the pH in a different way
than the absorption one, and its maximum intensity is observed for
the pH range 3e5, i.e., when the porphyrin molecule takes the
monocationic form. However, the corresponding wavelength evo-
lution against pH is the same as observed for the Soret absorption
band. The emission spectra of the porphyrin (lexc ¼ 420 nm) for
different pH show a main band at 655 nm and a secondary one at
wavelength higher than 700 nm. The maximum intensity of
emission takes place for pH ¼ 3, i.e., when the porphyrin molecule
is in monocationic form, and changes in the pH ranges of 0e3 and
10e13.4. Such changes could be associated with the porphyrin
polyprotic forms.
Two experiments were carried out to analyze the porphyrin
behavior against the pH, once encapsulated in the thin coatings. On
the one hand, the doped coating was successively dipped in buff-
ered solutions with increasing pH and decreasing pH: the results
indicate that doped coatings behave in a different way than the
porphyrin in methanol solution, i.e. the number of transformations
and the pH at which they occur is different; the encapsulated
porphyrin submit reversible transformations with the pH changes,
but some hysteresis takes place. On the other hand, the doped
coatings were alternatively dipped into two extreme pH buffered
solutions: little sensitivity against pH changes was detected, since
the Soret band maximum is practically constant and the free base
form of the porphyrin molecule predominates. Nevertheless, as the
doped coating is submitted to an increased pH, some molecules in
the free base form are reversibly transformed into the monoanionic
form (the absorption increases and the wavelength decreases).
According to the results obtained, the sol-gel matrix induce
small shift in the Soret band and slightly higher in the Q bands.
Although in the literature such shift is usually attributed to inter-
action with the silanol groups (≡SieOH) of the coatings silica ma-
trix (40), the present interpretation correlates the maxima
wavelengths with the polyprotic forms, since the absorption bands
features (maximumwavelength and evolution against pH) are very
similar to the porphyrin behavior in methanol solution.
Reversibility tests of the doped coatings absorption in two
extreme pH pointed out that the coating sensitivity increases with
the number of alternative dipping into acid and basic buffered so-
lutions. The reversibility of the doped coating could be considered
good, but the measured reproducibility is not. Moreover, after all
the dipping cycles, no leaching or washing of the porphyrin mol-
ecules was detected.
Basically, the excitation spectra of doped coatings are similar to
the corresponding absorption spectra and clearly show the Q IV and
II bands. As regards the Soret band, its intensity increases with pH
but not monotonically. The emission spectra of the doped coating
against pH showed very slight intensity changes, even though the
intensity increases with pH, particularly in the 6e8 range.
The profile of the absorption spectra of doped coatings with
different thickness is the same as the spectra recorded at pH ¼ 7.
The evolution of the absorption intensity with thickness follows a
linear relation. The corresponding least squares fitting is adequate
to describe the doped coatings behavior and the Lambert-Beer law
is fulfilled. From the best fitting of the Soret band features against
thickness, the data of the coatings density and the porphyrin con-
centration in the solid thin coating, the molar absorptivity of the
porphyrin in the coating has been estimated. The found values
show that the molar absorptivity decreases respect to the value in
solution. Therefore, the assumption that the molar absorptivity of
each porphyrin molecule in the coating is the same as in solution isdiscarded, because the corresponding density values obtained are
too low respect to those expected.
Finally, the luminescence of doped coatings for different thick-
ness showed that both excitation and emission behave linearly
against the thickness. The linear dependence of luminescence with
the thickness is an experimental confirmation that this phenome-
non takes place in thewhole coating bulk rather than on its surface.
5. Conclusions
The analysis of the optical behavior of the porphyrin studied in
methanol solution demonstrates that both absorption and lumi-
nescence vary with the pH of the solution. Such variations are due
to the porphyrin molecule that shows four polyprotic trans-
formations: pK1 ¼ 0.8, pK2 ¼ 2.0, pK3 ¼ 5.5 and pK4~13.
Soret absorption band of the porphyrin in methanol solution
takes different position depending on the polyprotic state of the
molecule (maxima at: 446 nm dicationic form, 423 nm mono-
cationic form, 435 nm neutral form, 423 nmmonoanionic form, and
425 nm dianionic form). The relative intensity of the four Q bands
in solution is very sensitive against the polyprotic state of the
porphyrin ring.
The luminescence of the porphyrin in solution indicates that the
emission maximum of the cationic forms occurs near 660-655 nm,
while for neutral and anionic forms, it takes place at about
645e650 nm. The main excitation maximum in solutions corre-
sponds to the position of the Soret absorption maximum for the pH
range checked (0e13.4).
In the porphyrin doped coating, the main absorption band is the
Soret one, whose maximum occurs at 433 nm throughout the pH
range studied. In the doped coating the free base form pre-
dominates for all the pH values.
Luminescent emission of doped coating shows its maximum at
about 653 nm. The excitation wavelength used was 436 nm and no
tendency was observed for different pH.
The Soret absorption band of coatings doped with 1 wt %
porphyrin with different thickness obey the Lambert-Beer law. The
molar absorptivity of the porphyrin once encapsulated into the thin
sol-gel coating is much lower than in solution.
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